Abstract
Systemic administration of d-amphetamine (d-AMP) caused significant increases in the unit activity of spontaneously tiring neurons in the rat globus pallidus. Intravenous injection of 0.2 mg/kg of d-AMP produced an average increase of 32% while a cumulative dose of 6.4 mg/kg of d-AMP increased cell firing 81% above base line control. The excitatory effects of d-AMP on pallidal cells were effectively blocked and reversed by haloperidol. Increasing intravenous doses of Z-amphetamine (Z-AMP), totaling 12.8 mg/kg, caused a slight excitation of pallidal neurons. The average maximum increase was 18.3%. Minor rateelevating effects were also observed after systemic administration of desmethylimipramine and clonidine. The serotonin uptake inhibitor, fluoxetine, produced varied changes in firing frequencies. Pretreatment with reserpine and a-methyl-p-tyrosine significantly attenuated the d-AMP-induced increase in pallidal activity. These results suggest that dopamine plays a prominent role in mediating the stimulatory effects of d-AMP on the firing rates of a population of globus pallidus cells in gallamine-paralyzed rats.
The pharmacology of the basal ganglia has received much attention in the past few years. In particular, the effects of dopamine and agents which interact with dopaminergic systems, such as d-amphetamine (d-AMP), have been utilized in an effort to understand better the functioning of this important brain region. d-AMP is thought to increase the release and block the re-uptake of dopamine (Carlsson et al., 1966; Glowinski et al., 1966; Besson et al., 1969 Besson et al., , 1971 Von Voigtlander and Moore, 1973) . Release of dopamine by d-AMP has been demonstrated in the striatum (McKenzie and Szerb, 1968; Besson et al., 1969 Besson et al., , 1971 Nieoullon et al., 1977a) and, more recently, in the region of the cell bodies and dendrites of the dopamine-containing neurons located in the substantia nigra (Nieoullon et al., 197713) . The ability of d-AMP to augment dopamine receptor stimulation by increasing the concentration of dopamine in the synaptic cleft has been associated with the drug's ability to inhibit the activity of spontaneously firing neurons in the striatum and tonically firing dopaminergic neurons in the pars compacta of the substantia nigra (Bunney et al., 1973a , ' b; Groves et al., 1974) . The effect of d-AMP on these neurons has been shown to be readily reversed by systemic administration of haloperidol and other dopamine receptor antagonists and blocked, in the case of the dopamine neurons, by pretreatment with reserpine and a-methyl-p-tyrosine (AMPT) or with haloperidol. To explore the further consequences of blocking the uptake and increasing the release of dopamine, the effects of systemic administration of d-AMP on the spontaneously active neurons of the globus pallidus were investigated with electrophysiological techniques. It seemed likely that drug-induced changes in striatal neuronal activity would be reflected upon pallidal neurons as the globus pallidus is a principal efferent nucleus of the striatum. Also, recent biochemical and anatomical findings suggest that the activity of some pallidal neurons may be modulated directly by dopamine (Burt et al., 1976; Fields et al., 1977; Lindvall and Bjijrklund, 1979) .
Materials and Methods
Extracellular, single unit recordings were carried out in gallamine-paralyzed, locally anesthetized and artificially respired male, Sprague-Dawley rats (250 to 325 gm) in strict accordance with the Guiding Principles in the Care and Use of Animals approved by the Council of the American Physiological Society. All surgical procedures were carried out under halothane anesthesia. A tracheotomy was performed and the trachea was intu-bated with a cannula. All incision sites and pressure points (including ear canals and nose bar contact areas) were thoroughly infiltrated with a long-acting local anesthetic (mepivacaine HCl). The tracheal cannula was subsequently connected to a rodent respirator through which a mixture of halothane and room air was administered. Animals were placed in a stereotaxic apparatus. Gallamine triethiodide (16 mg/kg) was injected via a tail vein to cause paralysis of all skeletal musculature. Additional injections of gallamine were administered routinely throughout the experiment. All animals then were respired on room air at a rate adjusted to maintain an expired CO2 of 3.5 to 4.2% as measured by a CO2 analyzer. Eyedrops of a tetrahydrozoline HCl solution were applied intermittently to prevent discomfort due to corneal drying. Body temperature was monitored with a telethermometer and maintained at 36 to 38°C with an electric heating pad.
A 3-mm burr hole was drilled through the skull above the globus pallidus at a site 2.60 mm lateral to lambda and 7.30 mm anterior to the lambdoid suture. An electrode was passed through the hole to the level of the globus pallidus with a hydraulic microdrive. Electrode potentials were passed through a high input-impedance amplifier and monitored on an oscilloscope and audiomonitor. Electrode potentials were isolated to a signalto-noise ratio of 3:l or more. Integrated firing rates were recorded by a rate meter and displayed as histogram plots of the number of electrode potentials counted in successive lo-set intervals on a strip chart recorder.
Single barrel recording electrodes were pulled from 2.0 mm glass capillary tubing (1.0 mm, I.D., Corning Glass Works, Corning, NY) which contained several strands of fiber glass (Tasaki et al., 1968) . After being pulled, the micropipettes were filled with 1% Pontamine sky blue (GURR, High Wycombe, Bucks, United Kingdom) in 2 M NaCl and the tips were broken back to a diameter of approximately 1 to 2 pm. The electrodes used in these studies had resistances between 3.6 and 6.0 megohms (measured at 135 Hz).
Spontaneously active cells with extracellular, biphasic action potentials of short duration (range, 0.53 to 1.52 msec; mean, 0.78 + 0.04, n = 22) in the frequency range of 10 to 90 spikes/set were investigated. Pallidal cells displaying either constant firing patterns, irregular firing patterns, or bursting discharge patterns were included in this study.
Each animal was allowed to recover from the initial halothane anesthesia for at least 30 min before drug administration. After a 5-min period of base line activity was recorded, drugs were administered i.v. through a tail vein according to one of three dosage schedules. In cumulative dose-effect studies with d-AMP and l-amphetamine (Z-AMP), the drugs were administered at 2-min intervals in increasing amounts so that each dose doubled the previous cumulative dose (i.e., 0.2., 0.2., 0.4., 0.8, 1.6, 3.2, and 6.4 mg/kg; total cumulative dose, 12.8 mg/kg). In dose-response studies with desmethylimipramine (DMI) and fluoxetine, the drugs were given in successive 2.0 mg/kg doses up to a total cumulative dose of 10.0 mg/ kg. In experiments with clonidine and in some of the experiments with d-AMP, a single injection of the drug was given. In experiments requiring catecholamine depletion and synthesis inhibition, rats were pretreated with reserpine (1.5 mg/kg, i.p., 18 to 24 hr before recording) and AMPT (250 mg/kg, i.p., 2 to 5 hr before recording). In all experiments in which drugs were administered, only one cell per animal was studied. Where the data are expressed as the percentage of base line control, this percentage was determined by comparing the firing rates averaged over a 5-min base line (pre-drug) period (defined as 100%) with that observed in the six lo-set intervals occurring between 60 and 120 set after the drug was injected. This procedure allowed for comparison of group data despite individual neuronal differences with respect to pre-drug firing rate. The "n's" reported for the individual experiments indicate the number of cells (i.e., the number of animals) studied.
At the conclusion of each experiment, the animals received an anesthetic dose of chloral hydrate and were sacrificed. The site of the recording, which was marked by passing a 15 nA anodal current through the electrode for about 15 min, was identified by locating the Pontamine sky blue deposit after the brain was fixed, sectioned, mounted, and stained with cresyl violet. The cells recorded in these studies were located in the globus pallidus within the stereotaxic coordinates: anterior, 5910 to 6860 pm; lateral, 2.0 to 3.0 mm; ventral, +0.4 to -1.6 mm, according to Konig and Klippel (1970) .
The data are expressed as the mean + the standard error of the mean. Differences between two means were analyzed using Student's t test for grouped data with a criterion of significance of p < 0.05 (Dixon and Massey, 1969) . 
Results
Effects of d-AMP on firing rates of neurons in the globuspallidus. To examine the effect of d-AMP on the neuronal activity of pallidal cells, exponentially increasing amounts of d-AMP were administered i.v. at 2-min intervals while the firing rates of individual neurons were recorded. Neuronal activities of 17 out of 19 cells were significantly increased (>30% above base line), the firing rate of one cell was unaffected (~30% from base line), and one cell showed a dose-related decrease in activity. Of the 17 cells that were stimulated by d-AMP, half showed dose-related increases in rate throughout the dose-response curve (Fig. IA) . The rest responded markedly to the lower doses of d-AMP (0.8 mg/kg or less) and maintained this enhanced rate throughout the remaining drug regimen (Fig. 1B) . Overall, doses of 0.2 mg/kg caused an average increase of 32% while cumulative doses and Walters AMP and maintained this enhanced rate throughout the remaining drug regimen. d-AMP was administered as described above to a total cumulative dose of 6.4 mg/kg. of 6.4 mg/kg increased cell firing 81% above base line control (Fig. 2) . When the responses of the cells were analyzed with respect to their base line firing frequencies, it was noticed that the slower cells (t50 spikes/set) were significantly more sensitive to the rate-increasing effects of d-AMP than were the faster cells (>50 spikes/set) (Fig. 3) . At a cumulative dose of 0.8 mg/kg of d-AMP, the low frequency cells increased an average of 80% above base line in comparison to the 22% increase observed for the high frequency cells.
Duration of d-AMP's action and antagonism by haloperidol. To explore the duration of the rate-elevating effects of d-AMP, the discharges of pallidal units were monitored while animals were given a single dose of d-AMP (3.2 mg/kg) which, as a cumulative dose, had effectively increased cell firing in other animals.
Of the eight cells recorded in animals given a single injection of 3.2 mg/kg of d-AMP, one cell was unaffected, one cell exhibited a transient 68% maximal increase in firing rate, and six cells showed increases in rate to more than 100% above base line control. The average maximum rate for these six units was 156.5 + 2.1% above base line (Fig.  4A ). These six units were held for at least 17 min following drug administration; they showed no significant decrease in firing rate during this time. Three of these cells were monitored for 28 to 32 min after the drug injection, during which period d-AMP's rate-elevating effects were still maximally maintained. As illustrated in Figure 4 .4, the firing frequency of the neuron increased significantly within the first 60 set after drug administration and (A -A, n = 10) to control rats. d-AMP was also administered to rats pretreated with reserpine (RES, 1.5 mg/ kg, i.p., 18 to 24 hr before recording) and AMPT (250 mg/kg, i.p., 2 to 5 hr before recording) (C --0, n = 8). d-AMP and I-AMP were administered at 2-min intervals in a series of increasing doses so that each dose doubled the previous cumulative dose (0.2, 0.2, 0.4, 0.8, 1.6, 3.2, and 6.4 mg/kg; total dose, 12.8 mg/kg). In the dose-response studies with d-AMP, most cells were firing very rapidly after a cumulative dose of 6.4 mg/kg of d-AMP had been administered. Injection of the final dose of 6.4 mg/kg (to yield a cumulative dose of 12.8 mg/kg) frequently resulted in an increase in the duration and a decrease in the amplitude of the extracellular action potential, suggesting that the spike-generating mechanisms of the neuron were being inactivated.
Therefore, the number of experiments which were completed (i.e., cells monitored for the 2-min interval after the administration of the final dose) with a cumulative dose of 12.8 mg/kg (n = 5) is less than those completed with the lower doses within the next 60 set, the firing rate had attained 82% of its maximum response.
Additional experiments were performed to determine if the effects of d-AMP on pallidal activity could be blocked by pretreatment with a dopaminergic antagonist or reversed by subsequent administration of the antagonist. After a cell had been monitored for a 5-min period, two injections of 0.2 mg/kg of haloperidol were given 2 min apart. After this treatment, subsequent injections of d-AMP (3.2 mg/kg) had little effect on pallidal cells (n = 7) (Fig. 4B) Another group of animals (n = 5) were given d-AMP (doses: 0.8 to 3.2 mg/kg) until the monitored firing rate of the pallidal neuron was elevated 50 to 100% above base line control. Subsequent administration of haloperidol (0.2 to 0.6 mg/kg) reversed the rate-enhancing effect of d-AMP and returned firing rates to base line control (Fig. 4C) . However, in two animals given a cumulative dose of 12.8 mg/kg of d-AMP, haloperidol, in doses up to 1.6 or 3.2 mg/kg, did not antagonize d-AMP's action.
Investigation
of the effects of norepinephrine and serotonin on pallidal firing rates. To investigate the possibility that monoaminergic neurotransmitters other than dopamine might be involved in mediating the action of d-AMP on pallidal neurons, experiments were conducted with agents believed to preferentially potentiate or stimulate norepinephrine and serotonin systems. Since Z-AMP appears to be as effective as d-AMP on the norepinephrine system but less effective than d-AMP on the dopamine system (Ferris et al., 1972; Harris and Baldessarini, 1973; Bunney et al, 1975) , Z-AMP was utilized to obtain an estimation of the involvement of norepinephrine in mediating the d-AMP-induced increase in pallidal firing. Z-AMP, administered at 2-min intervals (0.2 to 12.8 mg/kg) in exponentially increasing amounts, caused a slight excitation of pallidal neurons (Fig. 5A) . The response to I-AMP was very consistent among these cells whose frequencies were rate-matched with those of the neurons in the d-AMP study (average rates (spikes/ set): 36 + 5, n = 10 and 41 + 4, n = 17, respectively). The average maximum increase of the 10 units tested was 18.3 & 4.9% (Fig. 2) . Additional studies were performed with DMI to examine the consequences of inhibiting the uptake of norepinephrine on pallidal activity. Intravenous administration of DMI also produced an increase in the tiring rates of pallidal neurons (n = 9) (Fig. 5B) . The average increase observed in animals receiving a cumulative dose of 10 mg/kg of DMI was 24.4 + 8.5%.
Consistent with the results obtained with I-AMP and DMI were those obtained with clonidine. A dose of clonidine (100 pg/kg), high enough to have a stimulatory effect on postsynaptic norepinephrine receptors in the central nervous system (Anden et al., 1970; Svensson et al., 1975) , was administered to animals once a pallidal unit was monitored. During the 5-min period after the administration of clonidine, pallidal activity increased by an average of 25.8 + 12.4% (n = 7) (Fig. 5C ). The effect of this drug on the tiring rates of individual cells was variable, however. Of these seven cells, three cells were unaffected (3.0 + 6.2% change from base line control) and four cells were stimulated (47.4 + 12.6% increase above base line) by systemic administration of clonidine.
Since a number of studies have shown that AMP affects the serotonin system (Fuxe and Ungerstedt, 1970; Ng et al., 1970; Azzaro and Rutledge, 1973; Svensson et al., 1975; Sloviter et al., 1978) , the next series of experiments examined the effects of serotonin on pallidal activity. The effect of the serotonin uptake inhibitor, fluoxetine, on seven pallidal units varied greatly. After administration of 10 mg/kg of fluoxetine, three cells were unaffected (0.5 + 1.6% changes from base line), three cells were significantly excited (64.5 + 11.7% above base line), and one cell was significantly inhibited (31.8% below base line) (Fig. 50) . In order to examine the dependence of d-AMP's effects on catecholamine synthesis and release, the firing rates of pallidal cells were recorded in rats pretreated with reserpine (1.5 mg/kg, i.p., 18 to 24 hr before recording) and AMPT (250 mg/kg, i.p., 2 to 5 hr before recording). Interruption of catecholamine synthesis and release effectively attenuated the rate-elevating effects of d-AMP on pallidal neurons in eight out of nine animals examined (Fig. 2) . In one of the animals examined, d-AMP, at cumulative doses of 6.4 and 12.8 mg/kg, caused a marked increase in neuronal firing, a response atypical of the effects observed in the other eight animals. It was noted that the symptoms which typically accompany reserpine treatment were less apparent in this animal than in the other eight animals. Therefore, this animal may have been less effectively depleted of catecholamines. and Walters Vol. 1, No. 3, Mar. 1981 B50- were not of one particular type; that is, neurons with recurrent periods of high frequency discharge separated by intervals of silence or low frequency discharge (irregular patterns) and neurons with rather constant high frequency or low frequency firing rates were all sensitive to d-AMP's action. However, neurons with the highest frequencies (>50 spikes/set) were significantly less sensitive to the drug's rate-elevating effects than were the low frequency neurons (<50 spikes/set). Whether the high frequency cells constituted a subpopulation of pallidal neurons which were less sensitive to d-AMP's effects or whether they were already firing close to their maximum frequency and, therefore, were unable to increase their firing rates significantly more remained unanswered.
When an effective dose of d-AMP was given, the response of the pallidal units occurred with little delay and persisted for as long as the neurons were monitored (17 to 32 min). Similar time courses have been reported for the effects of this agent on other brain regions. Bunney and colleagues (1973b) reported that the dopaminergic neurons of the substantia nigra were significantly inhibited by d-AMP within 30 set after intravenous injection and that these neurons recovered to only 25% of their original firing rates after 30 min; Groves and Rebec (1977) of the remaining cells recorded, three were stimulated and one was inhibited.
of the doses of d-AMP employed to detect changes in biochemical (i.e., inhibition of dopamine neuronal uptake, increase of dopamine release) (Coyle and Snyder, 1969; Von Voigtlander and Moore, 1973) and behavioral (locomotor activity and stereotypy) (Taylor and Snyder, 1971; Costa et al., 1972) processes. These relationships support the idea that the electrophysiological, biochemical, and behavioral effects of d-AMP are related.
The studies presented here also provide some insight (Bunney and Aghajanian, 1973; Bunney et al., 1973b) . In addition, systemic administration of the dopaminergic agonist, apomorphine, causes a dose-related, haloperidol-reversible increase in the firing of neurons in the globus pallidus (Bergstrom and Walters, 1980) . In view of these findings, the significant dopaminergic innervation of areas which send major projections to the pallidus (Anden et al., 1964; Dahlstriim and Fuxe, 1964; Campbell et al., 1979; Meibach and Katzman, 1979) and the presence of some dopamine in the globus pallidus (Versteeg et al., 1976) , the involvement of dopamine in the excitatory effects of systemic administration of d-AMP on pallidal cells seems likely.
Further experimentation dealt with the participation of other monoamines in mediating the actions of d-AMP. Since d-AMP is effective in altering the activity of norepinephrine as well as dopamine neuronal system, Z-AMP, an agent which is a more potent inhibitor of norepinephrine neurons than of dopamine neurons (Bunney et al., 1975) , seemed an excellent tool with which to examine the relative roles of norepinephrine and dopamine in producing d-AMP's effects in the globus pallidus. The minor rate-increasing effects that were seen with I-AMP administration indicate that the excitement seen with d-AMP can be attributed to inhibition of uptake and increase in release of dopamine. This inference, together with the results obtained with DMI and clonidine, suggests that norepinephrine is not the major catecholamine responsible for the consistent, dramatic pallidal responses induced by d-AMP. The low concentrations of norepinephrine in the striatal and pallidal nuclei also argue against a proposal for a prominent role of norepinephrine here (Versteeg et al., 1976) . Similarly, the idea that serotonin does not play a major role in d-AMP's action is supported by the varied results obtained with the serotonin uptake inhibitor, fluoxetine. The effects of d-AMP on the pallidal units also seem unlikely to be the result of peripheral sympathetic changes since changes in firing rates do not correlate well with alterations in heart rate and blood pressure (D. A. Bergstrom and J. R. Walters, unpublished observations). In summary, these observations imply that the excitatory action of d-AMP in the globus pallidus is mediated by monoamines, in particular, by dopamine with some possible minor contribution made by norepinephrine and serotonin. There are several possible anatomical sites where dopamine could act to mediate d-AMP's action on the globus pallidus. One possibility is that d-AMP acts at dopamine terminals in the globus pallidus itself. Recently, Lindvall and Bjorklund (1979) detected the pres-Bergstrom and Walters Vol. 1, No. 3, Mar. 1981 ence of a dopaminergic projection to the globus pallidus originating in the substantia nigra. This observation of a nigropallidal tract supports and extends the autoradiographic findings of Fallon and Moore (1978) . The presence of dopamine receptors (Burt et al., 1976; Fields et al., 1977) and dopamine (Versteeg et al., 1976) in the globus pallidus, together with the histological detection of a dopaminergic nigropallidal pathway, suggests the possibility that d-AMP is interacting with dopaminergic processes in the globus pallidus to produce excitatory effects on these neurons. Excitatory neuronal effects in the globus pallidus have been observed with iontophoretic application of dopamine. York (1970) reported that dopamine increased the discharge frequency of 47% of the neurons tested in the cat globus pallidus. Similar dopamine-mediated increases in neuronal firing have been observed in the caudate (Norcross and Spehlman, 1978) and putamen (York, 1970) . Kitai and colleagues (1976) also reported that dopamine has an initial depolarizing, excitatory action on caudate neurons.
It is also possible that some or all of the alterations in pallidal tiring induced by d-AMP are mediated indirectly through the striatum. Since the globus pallidus receives substantial input from the striatum (for review, see Graybiel and Ragsdale, 1979) , the increase of pallidal firing rates noted after systemic administration of d-AMP may result from effects of AMP in the striatum. Indeed, systemic administration of d-AMP causes a marked reduction in the firing frequencies of striatal neurons (Groves et al., 1974; Groves and Rebec, 1977) . Also dopamine, applied iontophoretically, inhibits striatal neuronal firing (Bloom et al., 1965; McLennan and York, 1967; Connor, 1970; Feltz and de Champlain, 1972; Skirboll et al., 1979; Herrling and Hull, 1980) . Observations obtained from stimulation experiments suggest that the striatum exerts an inhibitory influence on pallidal neurons; stimulation of striatal neurons or of the striatofugal fibers typically produces excitation and inhibition (EPSP-IPSP sequence) or only inhibition (IPSP) of pallidal neurons (Malliani and Purpura, 1967; Noda et al., 1968; Levine et al., 1974; Ohye et al., 1976) . Thus, it may well be that inhibition of striatal activity and, therefore, a reduction of striatal inhibitory influences on pallidal activity initiate excitatory responses in a population of neurons in the globus pallidus.
Other brain components, such as the subthalamic nucleus which may receive a dopaminergic innervation (Campbell et al., 1979; Meibach and Katzman, 1979) , send afferents to the globus pallidus (for review, see Graybiel and Ragsdale, 1979) , and be receptive to the modulatory influences of dopamine (Campbell and Weight, 1978; Brown et al., 1979) , may also contribute to the effects of d-AMP on the globus pallidus.
In summary, this study demonstrates that systemic administration of d-AMP increases significantly the firing frequency of a population of spontaneously active neurons in the rat globus pallidus. This rate-enhancing effect appears to be mediated mainly through the actions of dopamine.
